The calculation of absorbed fractions for photons has been made chiefly by two methods in recent years, the moments method and the Monte Carlo method. The moments method (Spencer and Fano, 1951; Berger, 1968 ) is based on a numerical solution of a transport equation, in terms of the moments of the distribution of the energy absorbed (or transferred) from the primary radiation from an isotropic point source. The solutions are achieved by representing the moments by suitable analytic functions, chosen arbitrarily but required to exhibit physically correct behaviour for certain limiting conditions, such as very near and very far from the point source, very high and very low energies, etc. The calculations yield reliable results over a wide range of distances and energies. The chief limitation is that the calculations apply to infinite homogeneous media only. The point source results are readily integrated over sources of finite size, in an infinite medium.
The Monte Carlo method (Ellett et al., 1964 (Ellett et al., , 1965 Reddy et al., 1967 Reddy et al., , 1969 Brownell et al., 1968) uses probability techniques to sample random numbers, in a manner which simulates the random processes by which a photon is scattered and absorbed. A large number of photon histories must be sampled to arrive at a reliable average absorbed fraction. The advantage of the Monte Carlo method is that it can be applied to arbitrary, finite, and inhomogeneous volumes. The disadvantage is that an exorbitant amount of computer time is required to achieve a reasonable accuracy at large distances from the source where the number of interactions is small. The work of Berger (1968) involved calculation of polynomials to represent the energy absorption buildup factor
where Dp(x) and D 8 (x) are the absorbed dose due to primary and scattered radiation at distance x from an isotropic point source in an infinite water volume.
Berger's results are presented in several convenient tables, including (a) the buildup factor Ben and also the polynomials used in the calculation, to facilitate independent dose calculation by others; (b) the specific absorbed fraction <Pµh(x) for isotropic point (photon) sources in water, covering the energy range from 0.015 to 2.0 MeV, and distances from 0.1to40.0 cm; and (c) the radii of the spherical volumes centered around an
.l. Point isotropic specific absorbed fraction times the square of the distance from the source, for the discrete distances indicated on the curves. Abscissae are the photon energies. The curve for x = 0 is calculated from the limiting value, µen/47r. (From Berger, 1968) .
isotropic point source, in which various fractions ¢ph(x) of the source energy are absorbed, for values of ¢ph from 0.05 to 0.95, and for the same energy range. The latter two tables are illustrated in the accompanying graphs. Figures B.1 and B .2 present the point isotropic specific absorbed fraction multiplied by the square of the distance from the source, to remove the purely geometrical attenuation, and to allow convenient presentation of the results on a graph of reasonable scale. From a graph of x 2 <P(x) vs x it is possible to estimate the distance from a point source for which it is satisfactory to assume inverse square attenuation, i.e., to ignore absorption and scattering of photons. This distance depends on the desired accuracy, but might vary from a few millimeters at photon energies below 20 ke V to 10 centimeters for energies above 0.2 Me V. Figure B .3 gives the absorbed fraction ¢µh(x) for -:
Point isotropic specific absorbed fraction times the square of the distance from the source, for the discrete distances indicated on the curves. Abscissae are photon energies. (From Berger, 1968) . spherical volumes and a central point source. It is possible to obtain values of absorbed fractions for lower photon energies and smaller values of the absorbed fraction than are given in Figure B .3 (Table 8 of Berger, 1968) . It is readily shown that for the primary photon radiation only, or for monoenergetic photon beams that are absorbed without scatter and, therefore, without photon buildup, the absorbed fraction in a sphere around a central point source is given by
where µen is the energy-absorption coefficient and x is the radius of the sphere. This equation is graphed in Figure B .4, using as independent variable the product µenX. In the same figure is given the absorbed fraction for a uniform distribution of activity in a sphere, calculated from an equation given by Bush (1949) . From this figure it is possible to obtain the absorbed fraction for a sphere of any size, for photons of energy E < 15 ke V, for which absorption is essentially exponential with absorption coeffi.cient µen· It is seen that the ratio of the absorbed fractions is close to 0. 75 for small values of the abscissa.
Since, for all photon energies, the primary radiation dominates over the scatter at small distances from a point source, the foregoing equation implies that, for small values of µenX,
The validity of this limiting value is illustrated in Figure B .5, where the absorbed fraction ¢for a sphere of radius x = 0.05/ µen is shown, calculated from the data on which Figure B .3 is based. Curves are also given for radii x = 0.03/ µen and 0.01/ µen' which are interpolated between the axis of abscissae and the 0.05 curve. From this figure absorbed fractions are readily estimated for central point sources in very small spheres, for all energies from 5 keV to 2 MeV. For a uniform distribution of activity in these small spheres, the absorbed fractions are very close to 3/4 of those for the central point source, at all energies, as can be demonstrated from the equations cited above.
The absorbed fraction for a uniform distribution of The curves correspond to values of llenX = 0.05, 0.03 and 0.01, and the axis of abscissae corresponds to µ 0 nX = 0.00, where lien is the energy-absorption coefficient, and x is the distance from the point source. The curve for 0.05 is calculated from Berger (1968). Absorbed fractions for a uniform distribution are very nearly 0.75 times those for a central point source, for these small spheres.
activity in a sphere is equal to about 0.75 times the absorbed fraction for a central point source, even for sizes somewhat larger than those of Figure B .5. It has been shown by Ellett (1969) that this ratio is approximately valid for a 1000-gram sphere (radius 6.2 cm), for energies from 30 ke V to about 2. 7 Me V. The ratio in question does of course approach unity for a sufficiently large sphere.
The energy absorption coefficients for use with Figures B.4 and B.5 are given in Figure B which is an extrapolation of the values of µen at E = 10 and 15 keV given by Berger (1968).
While the results cited above from Berger (1968) were all calculated for an infinite water volume, the Monte Carlo calculations of Brownell et al. (1968) were performed for a "tissue" of mass density 1 g cm-3 having an electron number density of 3.308 X 1023 electrons per gram. Comparison of the two different approaches shows reasonably good agreement for energies above about 30 ke V. For mass densities different from 1 g cm-3 , a density transformation rule is available (Loevinger and Berman, 1968a, 1976) . Brownell et al. (1968) present their results in a number of tables, giving absorbed fractions for central point sources, off-center source and uniform distributions of activity in cylinders, spheres, and ellipsoids, for the photon energy range 0.020 to 2.75 MeV, and for masses from 0.3 to 200 kg. These tables are, in part, presented in Figure B .7. While the original tables present the results in more detail than is given in that figure, for many purposes this simplified presentation is convenient and of adequate accuracy. Brownell et al. (1968) do not calculate absorbed fractions for masses less than 0.3 kg. Extrapolation of their results is simplified if absorbed fractions for a particular energy are plotted against the radius of the sphere or the cube root of the mass, the curve passing through the origin. An almost linear plot is obtained. (From Brownell et al., 1968) A. Ellipsoids, axes 1/1.8/9.3 B. Small spheres and "thick" ellipsoids, axes 1/1/1 and 1/1.5/2. C. "Flat" ellipsoids, axes 1/2/4.
With one exception, the tables given by Brownell et al. (1968) apply to volumes in empty space, i.e., not surrounded by backscattering material. In one table, the contents of which are shown in Figure B .8, they present the fractional increase in absorbed fraction for a small sphere with a uniform distribution of activity, surrounded by a large sphere of backscattering material. They further state that this result is not critically dependent on the size or shape of either the small source or the large backscatter volume, provided that the latter is much larger than the former. Snyder et al. (1969) produced a report giving the absorbed fractions for monoenergetic photons of energy 0.010 to 4.00 Me V emitted by radionuclides uniformly distributed in the organs of a model of the human body of specified dimensions, Figure B .9. Calculations based on this model will generally only provide a very approximate estimate of the absorbed dose received by an actual individual, but they can be valuable to the in- General Comments. Comparison, organ by organ, for these models is impracticable, since each publication uses a different list. Omission of a value in this composite table signifies, except where a footnote is given, that no value was cited in the original publication. Note also that the sum of the masses cited for individual organs by Snyder et al. (1969 and 1975) is not equal to the assumed mass of the total body.
Notes. a Excluding contents of G.I. tract. b Assumed densities: lung 0.3 g cm-3 skeleton and bone marrow 1.5 g cm-3 all others 1 g cm -3 c Assumed mass for organ plus average contents. d Not 2800 as shown incorrectly in Table 1 of Snyder et al. (1975) e For details see Snyder et al. (1975) . f Assumed bladder wall 45.13 g, contents 200 g. g The values are those shown in a particular column of Table 109 , ICRP (1975) , which comprises the organs and tissues considered to make up the totality of Reference Man, mass 70.000 kg.
